Abstract: In this work it is demonstrated, for the first time, that it is feasible to develop, using the electrospraying technique, low molecular weight carbohydrate-based capsule morphologies from aqueous solutions through the rational use of surfactants. Two different low molecular weight carbohydrate polymers were used, a maltodextrin and a commercial resistant starch. The solution properties and subsequent high voltage sprayability was evaluated upon addition of non-ionic (Tween20, and Span20) and zwitterionic (lecithin) surfactants. The morphology and molecular organization of the structures obtained was characterized and related to the solution properties. Results showed that, while unstable jetting and dropping occurred from the pure carbohydrate solutions without surfactant, the addition of some surface active molecules above their critical micelle concentration facilitated capsule formation. Higher surfactant concentrations led to smaller and more homogeneous capsule morphologies, related to lower surface tension and higher conductivity of the solutions. In this work it is demonstrated, for the first time, that it is feasible to develop, using the 13 electrospraying technique, low molecular weight carbohydrate-based capsule morphologies 14 from aqueous solutions through the rational use of surfactants. Two different low molecular 15 weight carbohydrate polymers were used, a maltodextrin and a commercial resistant starch. 16
Highlights
-Electrospraying was used to develop low Mw carbohydrate-based capsules -Surfactant addition above the CMC allowed capsule formation from aqueous solutions -Surfactant type and concentration influenced capsule size and morphology -Changes in capsule size upon surfactant addition were related to solution properties -Smaller and more homogeneous capsules obtained increasing surfactant concentration
Introduction 28
The development of micro-, submicro-and nanostructures from biopolymers for functional 29 food applications is an emerging area of interest. Apart from the conventional 30 microencapsulation techniques, such as spray drying or coarcervation, electrospinning has 31 been recently suggested to be a simple and straightforward method to generate submicron 32 encapsulation structures for a variety of bioactive molecules (Xie, to-collector distance. In this case, the electrospinning process is normally referred to as 41 "electrospraying" due to the non-continuous nature of the structures obtained. To date, a 42 wide variety of polymers and polymer blends have been electrospun, with synthetic polymers 43 yielding the best results in terms of physical properties and uniformity. On the other hand, 44 electrospinning of biopolymer solutions has been proven to be difficult due to several factors 45 such as the polycationic nature of many biopolymers, the low chain flexibility which 46 complicates chain entanglements (essential for fiber formation) and their generally poor 47
Characterization of the carbohydrate-based solutions 107
The apparent viscosity ( a ) of the polymeric solutions at 100 s -1 was determined using a 108 rotational viscosity meter Visco Basic Plus L from Fungilab S.A. (San Feliu de Llobregat, Spain) 109 using a Low Viscosity Adapter (LCP). The surface tension of the biopolymer solutions was 110 measured using the Wilhemy plate method in an EasyDyne K20 tensiometer (Krüss GmbH, 111
Hamburg, Germany). Both tests were carried out in triplicate. The conductivity of the solutions 112 was measured using a conductivity meter XS Con6 (Labbox, Barcelona, Spain). All 113 measurements were made at 25ºC. 114 Ltd. (Orpington, UK) to a Bruker (Rheinstetten, Germany) FTIR Tensor 37 equipment. All the 127 spectra were collected within the wavenumber range of 4000-600 cm -1 by averaging 15 scans 128 at 4 cm -1 resolution. Analysis of the spectral data was performed by using Grams/AI 7.02 129 (Galactic Industries, Salem, NH, USA) software. Initially, the surface tension for different surfactant concentrations in aqueous solution in the 159 absence and presence of the low molecular weight carbohydrates was measured and CMC 160 values were determined when the plateau in surface tension was obtained. Table 1 shows the  161 CMC values for the different surfactants assayed and the concentration added in the solutions. 162
For all the solutions tested it was observed that very low concentrations of the surfactants 163 were needed to reach the CMC, regardless of whether the carbohydrates were present. It was 164 also observed that CMC increased with the addition of the biopolymers probably because the9 surfactants were also interacting with the biopolymers in solution. It is possible that in the 166 presence of carbohydrates, the concentration of the surfactants in the surface decreased, as 167 part of the surfactant was bound to the carbohydrates. As a result, the amount of surfactant 168 needed to reach the CMC increased (Chou et al., 2005) . Knowing this plateau value, two 169 different concentrations of each surfactant (5 and 30 wt.%) were added to the carbohydrate 170 solutions, which corresponded to 28.9 mM of Span20, 8.2 mM of Tween20 and 13.2 mM of 171 lecithin when 5% of surfactant with respect to the biopolymer weight was added; and 173. The physical properties of the carbohydrate-surfactant solutions are critical in the successful 180 preparation of the electrosprayed structures. Therefore, the conductivity, viscosity and surface 181 tension of the different solutions were measured and the results are summarized in Table 2 . 182
From these data it is observed that the addition of resistant starch to water did not 183 considerably increase the conductivity of the solvent because this material did not present any 184 electrical charge. On the contrary, the maltodextrin-based solutions presented enhanced 185 conductivity values. This fact could be due to maltodextrin forming charged ions when 186 dissolved in water. From Table 2 , it is also observed that addition of non-ionic surfactants to 187 the resistant starch solutions produced a slight increase in the conductivity, probably due to 188 the existence of polar groups in this molecule (Lin et al. 2004 ). However, when Span20 and 189
Tween20 were incorporated to the maltodextrin solutions, they did not affect the conductivity, 190 showing that the effect of these surfactants in the solution conductivity is very limited and it is 191 only relevant when the solution presents very low conductivity. In contrast, addition of lecithin 192 led to higher conductivity in both carbohydrate solutions. This fact was related to the 193 zwitterionic nature of the lecithin which presents asymmetric positive and negative electric 194 charges. These charges were dissociated in aqueous solution and thus, led to an increase of 195 the electrical conductivity (Hunley, England & Long, 2010) . Concerning the viscosity, it was 196 seen that very low values were obtained regardless the absence or presence of the 197 surfactants. These results were expected, since the low molecular weight carbohydrates used 198 in this study would require greater concentrations to achieve comparable solution viscosities 199 to high molecular weight polymers. In particular, the addition of Span20 and Tween20 hardly 200 The addition of surfactants to the carbohydrate aqueous solutions produced a decrease in 242 surface tension which favored the formation of electrosprayed structures. Figure 1 shows the 243 SEM images and corresponding size distribution of the materials obtained from the 244 electrospraying of the different resistant starch solutions. From Figures 1A and 1B it was seen  245 that, regardless of concentration, when Span20 was added to the resistant starch solution, 246 three different capsule size populations were found, although the structures were smaller and 247 more homogeneous in size when 30% of the surfactant was added. Figures 1C and 1D show 248 that the addition of 5% of Tween20 also generated three populations with respect to the 249 capsules diameter. However, when the concentration was increased to 30%, only two different 250 size distributions and smaller capsules were attained. On the other hand, when lecithin was 251 included in the solutions, only one population with respect to the capsule's diameters was 252 seen (cf. Figures 1E and 1F ). Moreover, the particle size was greatly reduced when compared 253 to capsules obtained from the carbohydrate without surfactant. Thus, the average size in this 254 case was 0.3 ± 0.1 µm and 0.2 ± 0.1 µm when 5% and 30% of lecithin was added respectively. Regarding the maltodextrin structures, Figure 2 shows the SEM images and corresponding size 265 distribution of the materials obtained. It is observed that the addition of non-ionic surfactants 266 allowed the formation of particles from a few nm to 500 nm (cf. Figures 2A to 2D ). The range 267 of size distribution was considerably narrower than for the resistant starch materials and, in 268 most cases, more than 50% of the particles were around 200 nm in size. This fact was 269 explained from the surface tension decrease produced by the surfactants. Viscoelastic and 270 electrical forces must overcome the surface tension effect in order to obtain a defined 271 structure. When surfactants were not added to the maltodextrin solution, the droplets formed 272 on the needle tip grew until its mass was large enough to escape and electrospraying could not 273 occur (Xu & Hanna, 2006) . However, the addition of the non-ionic surfactants reduced the 274 surface tension and, thus, a conical meniscus was formed on the needle tip. The meniscus 275 further deformed and broke into droplets with small particle sizes and narrow size distribution 276 due to the electrostatic force introduced by the maltodextrin. Nevertheless, when 30% of 277 Tween20 was added to the solution, the electrical conductivity increased and different capsule 278 morphologies were obtained, probably because the high electrical forces favored weak 279 entanglements in the polymer (Bock et al., 2012) . The addition of lecithin produced an 280 excessive increase in the conductivity which completely hindered capsule formation. 281
282

INSERT FIGURE 2 ABOUT HERE 283 284
It is interesting to note that, apart from the capsular morphology generated, addition of 285 surfactants also led to needle-like morphologies in both carbohydrate matrices, thus 286 confirming that addition of these amphiphilic molecules, which decreased the surface tension 287 of the aqueous solutions, considerably enhanced chain entanglements. 288
In general, from the morphology of the structures obtained, it can be stated that non-ionic 289 surfactants are more suitable for generating encapsulation structures from low molecular 290 weight carbohydrate polymers, and that the size and size distribution can be modified by the 291 type and amount of surfactant added. 292 it was observed that when surfactants were added to the resistant starch, these bands were 301
shifted by approximately 2-6 cm -1 suggesting that there was a chemical interaction between 302 the carbohydrate and the surfactants. Specifically, the most noted shift was observed for the 303 band which arose at 1006 cm -1 in the resistant starch (cf. Figures 3A to 3C ). This band was 304 shifted towards higher wavenumbers in the surfactant/polymer capsules, which could mean 305 stronger hydrogen bonding due to the interaction of the carbohydrate with the surfactants 306 (Wolkers et al., 2004) . It is interesting to note that greater band shifts were related to smaller 307 capsule mean diameters, which may be probably explained by the greater specific surface 308 present in the material containing smaller capsules. Moreover, in this specific carbohydrate 309 polymer, i.e. the resistant starch, a clear change in band shape was also observed in the 310 spectral range 950-1050 cm -1 Furthermore, the most characteristic band of the surfactants which was not overlapped with 322 the carbohydrate bands was considered to determine the effect of the concentration of the 323 surfactants in the electrosprayed material. Figure 4 shows the capsule's spectra from 1800 to 324 1600 cm -1 where the band corresponding to the carbonyl group, at around 1740 cm -1 , 325 attributed to the surfactants was located. From the spectra, it was observed that the 326 surfactants were incorporated in all the structures, since this peak appeared in all the 327 materials. It is worth noting that the lecithin band showed the greatest shift when it was 328 combined with the polymers, thus confirming the stronger interaction between the ionic 329 surfactants with the polymers. Moreover, this peak could also reveal the amount of surfactant 330 included in the initial solutions, since it was more intense with the increasing concentration of 331 the surfactant. 332
333
INSERT FIGURE 4 ABOUT HERE 334 335
Conclusions 336
In this work it is demonstrated that addition of surfactants considerably improves the 337 electrospraying of low Mw carbohydrate aqueous polymer solutions. Specifically, ultrathin 338 capsules made from a commercial resistant starch and a maltodextrin with Span20, Tween20 339 or lecithin were developed. This was mainly due to a reduction in the surface tension caused 340 by surfactant addition, which stabilized the electrospraying process. However, it has also been 341
shown that the type and amount of surfactant greatly influenced the morphology and size 342 distribution of the encapsulation structures generated. In general, it can be stated that non-343 ionic surfactants were more suitable for the electrospraying of low Mw carbohydrate 344 solutions, as electrically charged surfactants gave rise to fused and too small structures. FTIR 345 results showed that the surfactants were effectively incorporated in the carbohydratepolymers and while greater molecular order and different capsule sizes were obtained from 347 resistant starch solutions by changing the type and concentration of surfactant, only very small 348 structures were formed from maltodextrin solutions, due to their high electrical conductivity. 
